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Abstract 
In a recent series of light-gas-gun experiments performed at Sandia National Laboratories, aluminum projectiles impacted titanium alloy 
plates at 6 km/s, with a variety of witness plates downstream.  The radiative characteristics of the target debris cloud were measured using 
a combination of time-resolved visible emission spectroscopy and high-speed wavelength-filtered camera imagery. This paper will 
describe the analyses performed in support of the test series using the CTH shock-physics package from Sandia, discuss the methodology 
developed to port CTH results into radiation-physics codes, and provide comparisons between CTH results and experimental observations 
of debris-cloud shape.  The combination of high-fidelity shock-physics analysis and high-fidelity spectral analysis of the shock-physics 
results represents a first-principles approach toward optical signature prediction in hypervelocity impacts. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Introduction 
Hypervelocity impacts in excess of 5 km/s can often produce measurable emissions of line radiation in the visible portion 
of the spectrum.  These emissions arise from the generation of hot, vaporized material during the impact process, and can 
conceivably be used to ascertain important information about the characteristics of the impact.  To date, however, the details 
of the process remain poorly understood and difficult to model, partly because the optical emissions appear to be produced 
by a very small fraction of the material participating in the impact.  
Prior experimental work [1-2] has shown that portions of the emission spectrum can be captured using time-resolved 
optical multichannel analyzers (OMAs) in the visible and near-infrared ranges.  However, OMAs only provide information 
regarding the net radiation output, as opposed to the spatial distribution of radiative emissions.  Experimental measurements 
of the temporally and spatially varying radiation field are of critical importance in understanding the underlying physics of 
the source of the optical emission, as well as identifying and understanding the shortcomings of existing first-principles 
impact-signature models. 
In this paper, we describe a series of recent hypervelocity-impact experiments aimed at extracting more quantitative 
information on optical emissions.  The experimental study is complemented by high-fidelity hydrocode predictions of the 
impacts, as well as radiation-physics simulation of the impact-generated emissions based on the hydrocode results. 
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2. Experiments 
The new gas-gun shots were performed to support the Optical and RF Emission Experiments (OREX) program, 
investigating the shock-induced generation of electromagnetic radiation over a wide range of wavelengths.  They were 
performed, utilizing the Terminal Ballistic Facility (TBF) for impact velocities around 6 km/s, and the Hypervelocity 
Launcher (HVL) for impact velocities in excess of 9 km/s.  During the test series, several parameters were varied
including background gas, background pressure, witness-plate material, impact velocity, and projectile geometry to assess 
the effect of these parameters on the emissive characteristics of the resultant debris cloud.  Most of these experiments were 
instrumented with the OMAs described above, as well as a Specialised Imaging SIM-8 high-speed framing camera capable 
of capturing multiple wavelength-filtered images within tens of microseconds after impact.  Filters for the camera were 
chosen at wavelengths corresponding to the emission lines expected from the metals used in the experiments.  In addition, 
the SIM-8 was absolutely calibrated prior to each test series using a 1900-K blackbody source, allowing the measurement of 
absolute radiative intensities rather than arbitrary counts.    
This paper will focus on two shots from the test series, OREX-4 and OREX-7. Both of these experiments were conducted 
in an 80-Torr nitrogen atmosphere, and consisted of a 6.35-mm-diameter aluminum sphere striking a 0.5-mm-thick Ti-6Al-
4V target at about 6.0 km/s. In OREX-4, the SIM-8 camera and OMA sensor are located broadside to the expanding debris 
cloud, downstream of the target plate. In OREX- -
both of these shots, the SIM-8 was filtered with 442, 455, and 470 nm filters. The filter band is ~±10 nm of the specified 
wavelengths.  Figure 1 shows the experimental setup for these shots, and descriptions of the data collected from these two 
shots follow. 
  
Fig. 1. Experimental setup for (a) OREX-4 and (b) OREX-7. 
 
2.1. OREX-4 
OREX-4 provided a broadside view of the radiative event. The high-speed camera imaged the expanding debris cloud at 
8.69, 18.69, and 33.69 μs after impact. The first series of images (Figure 2) was filtered at 442, 455, and 470 nm. The 
images capture the initial break-out of the target plate. Note that the debris cloud is expanding from right to left. The 442 
and 455 nm wavelengths were selected to measure the Ti II and Ti I emission lines. The 470 nm wavelength was selected to 
measure the continuum emission. In Figure 3 only two wavelength filters were used (442 and 455 nm). The image shows 
the debris cloud expanding, while still retaining a bright leading edge. Later in time (Figure 4) this trend continues, with the 
leading edge continuing to emit the majority of the light. From these observations, we infer that the majority of the light 
emitted originates from the leading edge of the expanding debris cloud.   
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Fig. 2. High-speed OREX-4 images at 8.69 μs filtered at 442, 455, and 470 nm (left to right).  
    
Fig. 3. High-speed OREX-4 images at 18.69 μs filtered at 442 and 455 nm (left to right).  
       
Fig. 4. High-speed OREX-4 images at 33.69 μs filtered at 442, 455, and 470 nm (left to right).  
Using the blackbody calibration images, the high-speed imagery was converted to absolute flux measurements for each 
wavelength filtered image. The raw images are converted from the number of photon counts in each pixel to a frequency-
integrated specific intensity, I.  The intensity is calculated for a given filter band centered around photon energy Ev, 
integrated over the filter band: 
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Nc is the photon count,  is frequency, t is the length of the exposure, Ap is the pixel size, and L is the solid angle 
between the lens as seen by the source. Figure 5 shows the absolute flux measurements at the 455 nm filtered images at 8.69 
and 18.69 μs, which indicate peak absolute fluxes of 4×108 and 2×108 erg/cm2/s/ster, respectively. These intensity values 
can then be compared to those from a blackbody source to establish a brightness temperature Tb
function for blackbody radiation over a small filter bandwidth .  Doing so yields the expression given in Equation (2), 
where h k is the Boltzmann constant, and c is the speed of light. Applying this relation to the peak 
absolute flux measurements stated above yields brightness temperatures of 6100 and 5400 K for the respective images.  
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Fig. 5. OREX-4 455 nm filtered absolute flux measurements at (left) 8.69 and (right) 18.69 μs. 
2.2. OREX-7 
In the OREX-7 experiment, both the high-
expanding debris cloud. High-speed images were taken at 10.22, 20.22, and 35.22 μs after impact. The 10.22-μs image 
(Figure 6) shows a non-luminescing region in the center of the debris cloud. This region most likely contains aluminum 
from the projectile. In subsequent frames (Figure 7 and Figure 8), the size of this region decreases as the target-plate debris 
mixes into the center of the debris cloud. 
       
Fig. 6. High-speed OREX-7 images at 10.22 μs filtered at 442, 455, and 470 nm (left to right).  
    
Fig. 7. High-speed OREX-7 images at 20.22 μs filtered at 442 and 455 nm (left to right). 
       
Fig. 8. High-speed OREX-7 images at 35.22 μs filtered at 442, 455, and 470 nm (left to right). 
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As described earlier, the raw high-speed imagery was converted to spatially resolved absolute flux measurements. The 
absolute flux measurements are shown in Figure 9 at 10.22 and 20.22 μs. The image intensity measurements are consistent 
with the 6100 and 5400 K brightness temperatures from OREX-4. 
    
Fig. 9. OREX-7 455 nm filtered absolute flux measurements at (left) 10.22 and (right) 20.22 μs . 
3. Shock Physics Analysis 
Axisymmetric and full three-dimensional shock physics calculations were performed using the CTH hydrocode from 
Sandia National Laboratories [3].  Its Eulerian-based formulation permits accurate predictions of very large deformations, 
including the very rapid expansion associated with vaporization.  The CTH code family has been extensively validated 
through comparisons to data for a variety of high-strain-rate phenomena.   
Since high-temperature, mixed-phase phenomena are of interest in this study, SESAME tabular equations of state (EOS) 
[4] were employed for all materials present.  A variety of tabular EOS options are available for aluminum; based on prior 
studies of debris cloud sensitivity to EOS [5], the 3719 table from Los Alamos [6] was chosen for the aluminum projectile.  
All CTH calculations performed for this study utilized the Adaptive Mesh Refinement (AMR) algorithm to increase 
resolution dynamically in regions of large gradients with an emphasis on the debris cloud and were performed on 
-house supercomputer cluster. 
Since OREX-4 and OREX-7 differ only slightly in impact velocity (5.994 km/s vs. 6.036 km/s, respectively),  we 
performed only one set of CTH calculations one axisymmetric and one three-dimensional at 6.0 km/s. The maximum 
resolution (minimum zone size) in the axisymmetric calculations was about 50 μm. Results from the axisymmetric 
prediction are shown in Figure 10 and Figure 11.  Note that the peak temperature in the debris cloud at these times is on the 
order of 2000 K, located near the leading edge of the cloud.  One can also observe a high-temperature jet of material 
forming along the symmetry axis at later times (Figure 11).  This jet is believed to be a numerical artifact, attributable to the 
formulation of the symmetry-axis boundary condition utilized within CTH.  The presence of the jet motivated full three-
dimensional calculations to ascertain whether the remainder of the axisymmetric calculation is physically realistic.   
 
           
Fig. 10. Contour of (left) log(density in g/cm3) and (right) temperature (K). Time = 10 μs after impact.  
639 A.J. Ward et al. /  Procedia Engineering  58 ( 2013 )  634 – 641 
           
Fig. 11. Contour of (left) log(density in g/cm3) and (right) temperature (K). Time = 20 μs after impact.  
The 3D CTH calculation utilized the same maximum AMR resolution as in the axisymmetric simulation; however, a 
global AMR unrefinement occurred at 7.25 μs, which reduced the mesh resolution to 100 μm.  In addition, the total 
simulation time for the 3D calculation was limited to 15 μs.  Given these caveats, however, the 3D density and temperature 
predictions (Figure 12 and Figure 13) are in general consistent between the 2D and 3D simulations. The 3D simulation does 
not manifest the numerical jetting present in the 2D simulations. 
    
Fig. 12. 3D contour of (left) log(density in g/cm3) and (right) temperature (K). Time = 10 μs after impact.  
    
Fig. 13. Contour of (left) log(density in g/cm3) and (right) temperature (K). Time = 15 μs after impact.  
Both the 2D and 3D simulations predict peak temperatures around 2000 K. The hottest region is found along the leading 
edge of the debris cloud, which is consistent with the high-speed imagery. However, as noted earlier, the SIM-8 and OMA 
data from OREX-4 and OREX-7 indicate temperatures in the range of 5000 to 6000 K.  Later in this paper, we will discuss 
possible causes for this discrepancy. 
3.1. Signature Analysis 
Results from the CTH calculations are post-processed in the spectral analysis code SPECT3D [7], a multi-dimensional 
collisional-radiative code used to simulate the atomic and radiative properties of laboratory and astrophysical plasmas. It 
can be used in conjunction with spatially-varying material temperature and density distributions, combined with an atomic 
property database, to determine emission and absorption spectra for ionized materials.   
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The process of converting CTH results into a format useable within SPECT3D requires that we transfer the state 
variables within each CTH computational cell (material densities, material temperatures, and velocity) into an intermediate 
file which SPECT3D can read and interpret.  These files must be generated at each time of interest for signature prediction.  
While the debris cloud is a mixture of solid, liquid, and vapor states, the majority of the visible radiation emitted by the 
debris cloud comes from the vapor phase. Therefore, it is also important to extract some measure of the vapor fraction in 
each computational cell.  In order to do so, we first recreate the phase boundary in each SESAME table, using Maxwell 
constructions to determine the approximate location of the saturation dome.  The local vapor fraction is then computed 
using the local material properties (density, temperature, and pressure) to estimate the location of this thermodynamic state 
under the dome. 
The above steps are implemented in a set of post-processing routines, which read CTH plot output files and liquid-vapor 
coexistence curve data and generate ASCII files containing the detailed CTH results at the desired simulation times.  These 
routines also generate the block connectivity information required by SPECT3D to process AMR CTH grids (where the grid 
spacing distribution varies in time and space), used in conjunction with the ASCII CTH output to produce NetCDF files that 
are readable by SPECT3D.    
As mentioned previously, the CTH debris-cloud temperature predictions significantly under predict the temperatures 
measured in the OREX shots.  This disparity leads directly to significant discrepancies between SPECT3D-predicted optical 
properties (such as absolute fluxes) and those measured experimentally.  The temperature discrepancy had been observed in 
earlier comparisons between CTH results and OMA data, and in fact contributed to the formulation and execution of the 
OREX test series.  We have formulated several hypotheses regarding the temperature discrepancy; however, evaluation of 
these hypotheses was previously hampered by the lack of data on the spatial distribution of emission within the debris cloud.  
Since the SIM-8 data show quite clearly that the primary emission occurs at the front of the cloud, we are now better 
prepared to assess these hypotheses.  In particular, the emission distribution supports the notion that some type of interaction 
between the debris cloud and the shock-heated ambient atmosphere perhaps heat transfer from the latter to the former
yields higher temperatures at the front of the cloud than are predicted in the CTH calculation (which at present does not 
model conduction effects).  A similar hypothesis was postulated by Swaminathan et al. [8].  Indeed, the CTH calculations 
described above show a temperature around 15,000 K in the atmosphere ahead of the debris cloud, indicating that there is 
potential for heating effects to push the leading edge of the debris cloud well above 2000 K. 
The spatial distribution of intensity observed in these experiments also suggests that the vapor fraction within the debris 
cloud is lower than might be expected, or than is predicted within CTH.  The over prediction of the vapor state could be 
attributed in part to the selection of EOS for the calculations shown above.  To demonstrate the sensitivity of the intensity 
distribution to vapor density, we constructed notional simulated debris clouds with specified temperature and vapor-density 
properties using the PlasmaGEN application within the SPECT3D package.  A variety of cloud state configurations were 
considered; two are shown in Figure 14, along with intensity imagery from OREX-4. The manufactured debris clouds 
assume uniform temperature, but vapor density varies as  
h
zz
zr 00 exp),(
                                                                         
(3) 
where 0, z0, and h are constants.  These simulated intensity images illustrate the importance of both temperature and density 
distribution in producing the observed intensity field, and show that we can use analytic techniques to understand better the 
experimental debris-cloud structure. 
    
Fig. 14. Comparison of absolute intensity measurements from OREX-4 (a) with manufactured debris-cloud intensity distributions. (b) Constant 
temperature; exponential density distribution with 0 = 10-5 g/cm3, h=0.5 cm.  (c) Constant temperature; exponential density distribution with 0 = 10-5 
g/cm3, h=1.0 cm (c). 
641 A.J. Ward et al. /  Procedia Engineering  58 ( 2013 )  634 – 641 
Based on the manufactured debris-cloud results and our observations, we have applied adjustments to the CTH vapor 
density and temperature predictions to help quantify the discrepancies between the high-fidelity signature prediction process 
and the debris-cloud intensity data.  This process is helpful in identifying shortcomings in the physics embodied in the CTH 
calculations. Moreover, if such adjustments can be tied to specific phenomena, they may constitute an important addition to 
a predictive methodology.  Figure 15 shows axisymmetric CTH results which have been adjusted for in temperature and 
vapor density. The vapor density is computed using the CTH density distribution and a constant vapor-fraction value of 
3×10-4.  The temperature is also adjusted using the relationship given Equation (4), where T1, T2, and v0 are the constants 
3500 K, 7500 K and 10 km/s, and v is the local CTH velocity magnitude. Apart from the numerical artifacts discussed 
earlier, these intensity distributions agree quite well with the OREX-4 intensity imagery in Fig. 5, in terms of peak 
intensities, intensity distribution, and overall cloud dimensions.  
                                                         
2
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Fig. 15. Absolute intensity measurements from OREX-4 2D CTH simulations post-processed with SPECT3D (left) at 10 μs and (right) 20 μs 
4. Conclusions 
We have developed an end-to-end process, based on high-fidelity simulation of shock and radiation physics, for the 
prediction of radiative emissions in hypervelocity impacts.  While our work to date has identified some shortcomings in the 
framework most prominently, the apparent under prediction of debris-cloud temperature in the hydrocode calculations
we have also performed new hypervelocity-impact experiments to help identify the processes that give rise to these 
shortcomings.  The calibrated, filtered high-speed imagery collected during the experiments have allowed us to gain new 
insight into the structure of the debris-cloud emission, which will be valuable information for improving our analysis 
process. 
When adjustments are made to the analysis process to account for temperature under prediction and vapor-density overp 
rediction, the resultant intensity-distribution calculations are in general agreement with the filtered high-speed imagery for 
OREX-4.  Future work will focus on improving the adjustment process to connect it more directly to the observed 
characteristics of the leading edge of the debris cloud.  As the process matures, we will apply it to other shots from the 
OREX test series, examining the role of parameters such as ambient atmospheric pressure and atmospheric composition. 
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